The deployment and coverage strategies are key issues in researches and the applications of WSNs, since it greatly influences the node energy, communication bandwidth and Quality of Service (QoS) for WSNs. The current literatures on sensor coverage control approaches mainly focused on the twodimensional (2D) plane. However, many applications including underwater monitoring, indoor surveillance and others scenarios that are deployed on the three-dimensional (3D) space. This paper presents an extensive overview of various coverage and deployment problems and algorithms in three-dimensional wireless sensor networks. It focuses on different coverage strategies, vital characteristics, design schemes, advanced methods and practical constraints dealing with coverage and deployment in 3D WSNs.
INTRODUCTION
Wireless sensor networks (WSNs) have gained worldwide attention in recent years, which were considered as one of the most important technologies for the twenty-first century [1] . A typical Wireless Sensor Network (WSN) is comprised of a great large number sensor node with limited battery power to monitor an interesting area. Two fundamental issues in a wireless sensor network are the coverage problem and the deployment strategies [2] .The coverage performance of a WSN network strongly depends on how efficiently the sensors are deployed. Sensor node deployment strategy is one of most critical design criteria for maintaining energy efficient coverage in a WSN, which will affect transmission rate of the sensors as well as the coverage redundancy, connectivity and network lifetime of the whole application system [3] .
Most existing researches are focused on coverage patterns and deployment strategies only consider a two-dimensional (2D) space, without taking into account the topographic terrain information. However, real world sensor deployments often arise on three-dimensional (3D) environments, such as underwater sensor deployment and sensors deployed on the mountain with different heights [4] [5] .The 2D network model works well with terrestrial networks but cannot directly utilized 3D space. Since many research challenges in three-dimensional spaces have not been explored yet as much as two-dimensional spaces, it is required to define the challenging tasks to design model in threedimensional space.
The key issue in 3D networks is to find an optimal way to deploy sensor applications with deeply considerate of 3D network design. There are two kinds of node deployment in 3D networks, deterministic deployment [6] and random deployment, which are divided into four categories based on influence of network performance, increasing the coverage, enhancing the connectivity, improving energy efficiency and optimizing the lifetime, and lastly multi-objective deployments. The current studies of 3D related problems are mainly divided into two ways. One is putting 3D problems into the 2D plane [7] , which could not be solved efficiently just by the extension of the 2D solutions. The other is solving the 3D coverage problems based on 3D mathematical model and space geometric theory [8] .
The remainder of this paper is organized as follows. Section 2 introduces the real-time applications proposed in the existing literature. Section 3 presents deployment strategies and problems in 3D WSNs, moreover, some representative research work with key characteristics was illustrated. Section 4 highlights coverage pattern model and algorithms proposed in the literature, also including detail disadvantage and advantage. We conclude problems and challenge in future research in section 5.
applications face a variety of harsh factors including and not limited to heavy rains, snowfalls, sandstorms and extreme temperature variations.
In the real environment, the signal sent from a transmitting node while many radio propagation effects affect propagating through a medium, including reflection, refraction, scattering and so on which causes the signal to bend, attenuate or form multipath before it reaches the receiving node [9] [10] . Each application should consider their specifically situations, for acoustic waves, which is high propagation delay, limited bandwidth capacity and high error probability as compared with radio wave communication. In addition to this, limited battery supply, threedimensional (3D) underwater environment and dynamic behavior of sensor nodes due to water current makes the overall performance goals even more difficult to achieve.
Recent Research Work
Nowadays, there have been numerous conducted to address the above issues. K.M. Mridula et al. [9] introduced an analysis to evaluate the probability of connectivity of a node in a 3D network considering the channel randomness and border effects, but the author did not consider the underwater mobility models due to underwater currents and surface waves. Beenish Ayaz et al. [10] proposed a 3D node deployment strategy to improve the routing performance of an Underwater Wireless Sensor Network (UWSN), carefully considering the unique characteristics of underwater acoustic communication. Kyungjun Kim [11] introduced the 3D coverage localization using Archimedean spiral, and the designated method applied to MSNs for covering the 3D concave terrain. Yuzhe Yang et al. [12] firstly presented the Gaussian plume model based on neural network (GPM-NN), to collect physically particle dispersion data in the air, moreover, adaptive monitoring algorithm was highlighted to improve network lifetime and battery efficient. A three-dimensional adaptive fruit fly optimization algorithm is designed to estimate the products location coordinates to management standards and product quality in industrial area [13] . The summary of aforementioned and not limit appears clearly in Table 1 , which briefly describe a few representative 3D WSN applications with their key characteristics. 
3D DEPLOYMENT STRATEGIES
Sensor deployment is one of the fundamental issues in WSN because an efficient deployment scheme not only can reduce the deployment cost but also improve the Quality of Service (QoS) of the WSN. The node deployment methods can be classified into static deployment scheme and dynamic deployment scheme, and the static deployment schemes are mainly applied in WSNs with static nodes，which concludes determinate deployment methods and random deployment methods. While the dynamic deployment methods are mainly used in mobile WSNs, the sensor nodes accomplish deployment autonomously [18] . Many applications of WSN are 3D scenario, so how to deploy to maintain coverage maximization, connectivity enhancement, energy efficiency and lifetime optimization, received considerable attention recently.
Deployment Problem
The problem of WSNs deployment on a 3D terrains space, proved NP-hard due to it is hard directly apply 2D deployment method in 3D space. There are mainly three categories of research methods in node deployment: incremental deployment method, geometric analysis method, and virtue force based method. The 3D space deployment issues can be defined as follows: given a connected network of n sensors with a fixed transmission and sensing range, which are placed in a 3D space with board boundaries and obstacles. Therefore, the ideal goal is to obtain the deployment of sensor nodes with a maximum coverage area and connectivity using a minimum number of sensor nodes, meanwhile considering the limited computation capacity. 3D WSNs also require considerably complex and computationally intensive analysis to insect degree of coverage of deployed sensing nodes in 3D field.
Recent Research Work
At present, many scholars conduct research in 3D WSN deployment to address aforementioned problems. Fu Xiao et al. [19] developed a coverage pattern based on cuboids by analyzing the regular polyhedron models in three-dimensional space, the deployment positions of sensor nodes can get based on this coverage pattern. Jyotirmoy Karjee et al. [20] proposed a three-dimensional node placement (3D-NP) algorithm to maximize information accuracy in the network for deployment strategy, in addition, the author also introduced other algorithms named 3D-DC algorithm and 3D-IE algorithm to address information redundancy and lower accurate information extraction issues, respectively. A new method is proposed to optimize deployment strategy in [21] , which was based on the dual Delaunay triangulation/Voronoi Diagram. This the first studies that defined the deployment in distinct types of three-dimensional surfaces, and it was the biggest highlight in this paper. Chunyu Miao et al. [22] proposed a 3D self-deployment (3DSD) algorithm for mobile sensor networks, which can utilize in 3D virtual force mode. However, it situates initially theoretical stage for 3D autonomous deployment. Artificial bee colony algorithm with dynamic search strategy (ABC-DSS) was introduced in [23] to tackle the problem that deploy sensor in a complex surface, which combined image processing and artificial intelligence algorithm. The advanced deployment approaches were depicted in Table 2 . 
COVERAGE PATTERN
The 3D coverage problem is more challenging compared to its counterpart in a two-dimensional space. Using the 3D mathematical model and space geometric theory to solve the 3D coverage problems get increasing researcher's attention. Generally, 3D mathematical model can be categorized as binary and probabilistic sensing models. In addition, space geometric theory was divided into Volumetric Quotient-Based Approach and Spherical Overlap Approach (k-Coverage).
Binary Sensing Model
The recognition possibility of the event concerned is one within the sensing range; Otherwise, the sensor is not capable to sense the object of interest at all. The definition of binary sensing model is depicted in the Eq. 1
Assuming that the deterministic sensing distance is R d , the sensor node is s, the target point is p, the distance between s and p is d, and SP(s, p) represents the sensing probability of s to p. Detection probability function for the binary sensing model is illustrated in Figure 1 . 
Probabilistic Sensing Models
A probabilistic sensing model is much more practical considering that the occurrence being sensed, sensor design, and environmental circumstances are all stochastic in nature. It is a more comprehensive model when compared to the binary sensor model. Vahab Akbarzadeh et al. [27] have proposed a novel probabilistic sensing model for sensors with line-of-sight-based coverage to tackle the sensor placement problem, named sigmoid model , which is described in Eq. 2.
where β is the parameter used to adjust the model for the simulation of various sensors.
Volumetric Quotient-Based Approach
Volumetric quotient-based approach also sometimes known as Space Filling Polyhedron. A space-filling polyhedron is a polyhedron that can be used to fill all of three-dimensional space. A polyhedron surrounds a bounded volume in three-dimensions. There are five regular polyhedrons or Platonic Solids (polyhedrons having convex congruent faces): cube, dodecahedron, icosahedron, octahedron, and tetrahedron. A spacefilling polyhedron also known as plesiohedron can be used to generate tessellation of space. There are five space-filling convex polyhedral having regular faces: the triangular prism, hexagonal prism (HP), cube (CB), truncated octahedron (TO), and gyrobifastigium. The rhombic dodecahedron (RD), elongated dodecahedron, and squashed dodecahedron are also space fillers. The RD, Cube, TO and HP is illustrated in Figure 2 . To fully cover a 3D space, each Voronoi cell must have maximal volume for given sensing range R. Zhongsi Wang et al. [28] investigated the three-dimensional coverage of an underwater wireless sensor network, proposed a coverage hole and repairing algorithm and clustering algorithm based on the three-dimensional Voronoi diagram. Habib M. Ammari et al. [29] studied the problem of connected coverage in 3D WSNs based on 3D convex polyhedral space-fillers. Nadia BOUFARES et al. [30] proposed 3D-DVFA-FSC, a distributed deployment algorithm based on virtual forces aims to ensuring full 3D-surface coverage. Moreover, coverage algorithms and each disadvantages, drawbacks based on space filling polyhedron were detailly illustrated in Table 3 . 
Spherical Overlap Approach (k-coverage)
The reuleaux tetrahedron is three dimensional solid formed by intersection of four spheres of radius r centered at the vertices of a regular tetrahedron with side length r (see Fig. 3 ). Here, we selected examples only, illustrated the contributions on threedimensional networks in the literature. Feng Chen et al. [33] proposed a probability-based K-coverage control approach (PKCCA) for the contradiction, the results show that PKCCA uses less sensors to complete the same coverage task. HABIB M. AMMARI considered geographic forwarding in 3D duty-cycled k-covered WSNs in [34] , using Helly's Theorem and the Reuleaux tetrahedron model to address k-coverage problems in WSNs. The author also addressed the connected kcoverage problem in 3D WSNs using convex polyhedral spacefillers in [35] . Other detailly related work was illustrated in Table  4 .
CONCLUSION
In this paper, we have provided a tutorial and survey of the research of deployment strategies and coverage algorithm in the context of 3D WSNs. Firstly, we investigated state-of-the-art strategies in each category of real-time 3D applications and illustrated some representative research work with key characteristics, such as deployment of nodes, node type, contribution etc. In addition, we presented deployment strategies, deploy architecture and difficult problem and summarized recent research work. Moreover, coverage pattern model and algorithms proposed in the literature are investigated, including disadvantage and advantage. Future potentially interesting topics of on deployment strategies and coverage pattern are mobility network, heterogeneous sensor nodes, heterogeneous networks and coverage in the presence of obstacles. 
